Abstract An experimental investigation of the length and resistance of the laser plasma channel generated by filamentation of fs laser pulses in air was presented. It was found that the length of the plasma channel was different from that of the laser filament. This phenomenon was commensurate with a special self-guide mechanism without ionization. Through increase of the laser energy the plasma channel could be prolonged and the resistance could be reduced. To get even lower resistance, more effective control would be needed over the multi-filament. The lifetime of the plasma channel was increased by a factor of 4.5 by pulse sequences, which were generated by detuning the regenerative amplifier in the chirped pulse amplification (CPA) laser system.
Introduction
In recent years, the filamentation of ultrashort intense laser pulses has aroused great interest and become a field of intensive studies. Its unique properties, such as efficient power delivery without an intensity decrease, intensity clamping, and the generation of a stable long plasma channel [1∼3] , have led to many potential applications including remote sensing, lightning control, few-cycle laser science, and remote laser induced breakdown spectroscopy (LIBS) [4∼7] . In some applications, such as the laser radar and laser lightning control, the filament is expected to have a lower resistance and longer lifetime. In this paper the dependence of the length and resistance of the laser plasma channel on the laser pulse energy is studied. An approach to reduce the resistance of the plasma channel via effective multiple filamentation control was analyzed. In addition, by detuning the regenerative amplifier in a CPA laser system to generated pulse sequences, the lifetime of the plasma channel was greatly prolonged.
Experiments and results
The experiments were performed on a femtosecond (fs) Ti:sapphire laser system with a pulse duration of 60 fs at a wavelength of 800 nm. The experimental setup is shown in Fig. 1 . The laser pulses were focused by a lens with a focal length of 2 m. We used a thin copper wire A with a diameter of 0.2 mm as one of the electrodes and a copper wafer B as another electrode. Before the measurement, we carefully inserted the tip of the copper wire electrode into the laser filament. After many shots of irradiation the electrode tip was ablated by the laser pulses and a minimal contact between the channel and the tip of the copper wire was obtained. E was a DC high voltage power supply (HV source), which was connected to the two electrodes through a resistor R. As shown in Eqs. (1) and (2) below, by measuring the voltage of electrode A with an oscilloscope the resistance of the plasma channel between the two electrodes could be calculated [8∼10] . On the other hand, the lifetime of the plasma channel was directly related to the electron decay rate of the plasma, which is shown as the variation of the electrical signals of the oscilloscope [11] . Fig.1 The experimental setup. L is a lens with a focal length of 2 m, A and B are two electrodes. R is a resistor of 2 kΩ, E is an HV source, and C is an oscilloscope. The curve at the top left corner of Fig. 1 is the signal recorded with an oscilloscope. From this measurement we can get the resistance and the lifetime of the channel Adjusting the position of B, we could measure the resistance of the plasma channel with a different length, as shown in Fig. 2 . This resistance R contains both the resistance of the plasma channel and the contact resistance between the channel and two electrodes. If the cross-section area of the channel is S, the distance between A and B is L, the conductance of the plasma channel is σ, and the total contact resistance between the channel and two electrodes is r 0 , the measured resistance R in Fig. 2 can be written as:
Here the contact resistance r 0 can not be directly measured. Assuming that the change in r 0 and S can be neglected while moving the electrode B along the plasma channel for a short distance, the resistance per centimeter of the channel can be obtained by taking the derivative of R(L) with respect to L:
So the slope of the curve in Fig. 2 indicates the resistance per centimeter in different positions of the channel. In Fig. 2 , when the channel length L is shorter than 12 cm, R(L) increases linearly, which shows that the conductance of the channel changes a little within this distance. From Eq. (2) we can calculate the conductance of the channel within 12 cm as 46.7 kΩ/cm. For L longer than 12 cm, the resistance R increases rapidly, indicating that the electron density decreases rapidly beyond this distance. Fig.2 The resistance R between the two electrodes corresponding to the channel length L. The laser pulse energy is 2.5 mJ. R contains the contact resistance between the channel and the two electrodes According to the resistance measured, we can estimate the electron density within the plasma channel. The plasma conductivity can be described by the electron density n e [9, 11] :
where e is the charge of an electron, m e is the electron mass, ν m is the collision frequency for electron momentum transfer, n e is the electron density. In air under ambient conditions ν m is calculated to be in the order of 10 12 s −1 [9] . Assuming that only one filament is within the plasma channel, according to Eq. (2) the electron density can be written as:
Here d is the diameter of the plasma channel. In Fig. 2 , r = 46.7 kΩ/cm with a pulse energy of 2.5 mJ when the channel length L is shorter than 12 cm. If the channel diameter d is in the range of 20 µm to 100 µm [13] , we can estimate an electron density of 0.1∼2.5×10 16 cm −3 , which is consistent with the result measured by a longitudinal diffraction measurement [14] . But when L is longer than 12 cm, the resistance r increases rapidly to about 155 kΩ/cm. The electron density is estimated to be 0.029∼0.75×10
16 cm −3 , which is much lower than that measured in a stable laser plasma channel. So we consider the stable laser channel length to be 12 cm in this situation.
In contrast, we used another method to measure the length of the laser filament at the same time. Adjusting the laser energy, we measured the intensity distribution in the laser beam cross-section with a white screen and a CCD camera [15] . Fig. 3 shows the intensity distribution of the laser beam cross-section for different propagation distances with a pulse energy of 2.5 mJ. The length between the positions where the filament appears and then disappears is defined as the length of the laser filament. The measured result is shown in Fig. 4 . It is seen that the length of the filament is much longer than that of the plasma channel. This indicates a special self-guide mechanism without ionization [16] . In this case, diffraction of the laser beam itself plays an important role in balancing the Kerr self-focusing process. Fig. 4 also shows that the filament length increases with the laser pulse energy. On the other hand, the generation of multi-filament becomes more and more uncontrolled as the laser energy increases. This will lead to Fig.3 The intensity distribution of the laser beam crosssection at different propagation distances with a pulse energy of 2.5 mJ. The laser filament begins at 181 cm and disappears at 228 cm, so the length of the laser filament is 47 cm in this case an increase in the conductance of the plasma channel too, which will be discussed later. Recently, field-free molecular alignment was extensively studied to control the propagation of the fs laser pulse in molecular gases. In this way, the filament length and the beam profile can be controlled simultaneously [17∼20] . Fig.4 The length of the laser filament vs. the laser pulse energy
In order to avoid the effect of the plasma channel length on the resistance measurement, in the following experiment we reduced the distance between two electrodes to less than 5 cm. When changing the laser pulse energy, the electrode B was moved within 5 cm to measure the resistance of the plasma channel. The R-L curves for different energies are shown in Fig. 5 . The slope of the curves indicates the resistance per unit length of the channel. The resistance per centimeter for five values of laser energy is calculated and plotted in Fig. 6 . It is found that r decreases with laser energy in an exponential decay law. From Eq. (3), the conductivity of the plasma channel is only affected by the electron density. Because of the intensity clamping effect [21∼23] of the laser filament, the peak intensity within the filament is stable, and the peak electron density changes little with pulse energy. So in this situation the change in the plasma channel resistance is mostly determined by the cross-section area of the channel. If the variation in the diameter of each filament is not very large [13] , the resistance is then attributed to the variety of the filament numbers within the plasma channel. Fig.6 Resistance per unit length of the channel vs. the pulse energy. Here the value of r is calculated from the slope of the curves in Fig. 5 . The decay curve is the exponential decay fit for the data As is shown in Fig. 6 , the resistance decreases with an increase in laser energy, and this change is approximately exponential. So there is a limit to reduce the channel resistance through varying the pulse energy. In fact multiple filaments were produced in our experiment, as shown in Fig. 3 . Since nothing was done to control the multiple filament generation in the experiment, the filaments were random and discontinuous. Therefore, with the increase in the pulse energy, though the number of the filaments increased, the competition of multiple filaments got stronger [24] and each filament became unstable and discontinuous. ZENG's group has demonstrated both numerically and experimentally an effective method to control the generation of multiple filamentation by molecular alignment [20, 25] . Using that method we may get a relatively lower resistance.
In our previous work it was proven that the width of the oscilloscope signal as in Fig. 1 might be used to estimate the lifetime of the plasma channel [12] . LU Xin et al. calculated the time evolution of the laser plasma channel and suggested by using a detachment laser pulse the lifetime of the laser channel can be increased [26∼28] . As indicated in Ref. [12] , two methods to increase the lifetime were used. One was to add an HV power source at two electrodes. The lifetime was increased about threefold when the electrical field increased to 350 kV/m. A higher voltage would bring about an air breakdown. Another was to use a pulse sequence to generate the plasma channel. The lifetime of the plasma channel was greatly improved to 350 ns when four sequential intense laser pulses with an external electrical field were used. Then we changed the time delay between different pulses by adjusting the optical path difference. To get a sequence containing four pulses with a delay of 70 ns, we would need to introduce an optical path delay of more than 60 m. So it is very difficult to obtain a longer lifetime channel in this way.
Here we introduce a new method to obtain a laser pulse sequence which contains more pulses. In the CPA laser system, we adjust the voltage on the Pockels cell of the re-generative amplifier, so as to make the seed pulse export a little in each cycle of oscillation in the amplifier cavity. Thus we can get a pulse sequence at an interval of about 10 ns, as shown in Fig. 7 . And this sequence is amplified and compressed. In this way we can get a series of fs laser pulse sequences with a 10 ns interval between neighboring pulses (Fig. 8) . The duration of each pulse is 70 fs and the total energy of this pulse sequence can reach about 60 mJ in our system. Fig.7 The laser pulse signals after the regenerative amplifier detected by a photodiode Fig.8 The laser pulse signals after the compressor detected by a photodiode
We focused this pulse sequence with a lens L, as shown in Fig. 1 , to generate a plasma channel in air and measured the voltage signal of the channel. The result is shown in Fig. 9 . For a comparison, the signal of a single pulse is also plotted in Fig. 9 in the dashed curve. The lifetime of the channel is increased twice. Unlike the conditions in Ref. [12] , no HV power source was applied in this case.
In order to further extend the lifetime of the plasma channel, we split the pulse sequence into two sequences with a delay of 40 ns. The corresponding lifetime of the plasma channel was measured and the result is shown in Fig. 10 . The lifetime was prolonged to about 90 ns, which is about 4.5 times that in the single pulse case. Fig.9 Electric signals of the channel produced by the laser pulse sequence. The dashed curve is the signal in the single pulse scheme Fig.10 Electric signals of the channel produced by two laser pulse sequences with a delay of 40 ns. The total energy of these two sequences is 8 mJ and 6 mJ respectively
Summary
An experimental investigation on the variability of the length and resistance of the laser plasma channel when changing the laser pulse energy was conducted. The length of the plasma channel is different from that of the laser filament. This phenomenon confirms an fs laser pulse propagation regime without ionization. By increasing the laser energy, the plasma channel can be prolonged and the resistance can be reduced. One way to reduce the resistance of the plasma channel via effective multiple filamentation control was also analyzed. The lifetime of the plasma channel is increased by a factor of 4.5 by pulse sequences, generated by detuning the regenerative amplifier in a CPA laser system.
